Abstract. We evaluate the performance and phase diffusion of trapped 87 Rb atoms in an atom-chip sensor with Ramsey interferometry and Hahn's spin echo in the time and phase domains. We trace out how the phase uncertainty of interference fringes grows with time. The phase-domain spin echo enables us to attain many-second-long phase diffusion with a low-cost local oscillator that otherwise seems unrealistic to obtain with such an oscillator. In the Ramsey experiment we record interference fringes with contrast decaying in 12 s, and with a frequency uncertainty of 80 mHz corresponding to the dephasing time of 2.8 s. A clear distinction is drawn between the decoherence of the atomic ensemble, and the dephasing originating from the local oscillator. Spin echo cancels most of the perturbations affecting the Ramsey experiments, and leaves the residual phase noise of only 19 mHz mostly attributed to the local oscillator frequency instability, yielding the increased coherence time of 11.9 s which coincides with the contrast decay time in the Ramsey sequence. A number of perturbation sources leading to homogeneous and inhomogeneous dephasing is discussed. Our atom-chip sensor is useful in probing fundamental interactions, atomtronics, microcantilever, and resonant cavity profiling in situ.
Introduction
Subtleties of thermal binary spin mixtures, exhibiting spin waves, are on a surge of exploration in Ramsey [1, 2, 3] and beyond-Ramsey protocols [4, 5] the simplest of which is spin echo [6] . Compact atomic sensors based on these protocols are suitable for sensing different types of fields and are long-awaited in portable, airborne, marine, Earth-and spacebased metrology ‡.
In emerging fields of atomic physics such as atomtronics, micromechanics with ultracold atoms, photonics with atoms confined in a hollow-core photonic crystal fiber [8] , control over quantum states has become even more challenging [9] . These novel µm-scale systems pose non-trivial calibration and characterization problems [10] . Even more demanding is quantum metrology where one can measure evanescent shifts due to cold atomic collisions [11] , black-body radiation [12, 13] , probe many-body states in quantum metamaterials [14, 15] , or meter fundamental interactions [16, 17, 18] . Such applications require advanced decoherence treatment, hence, accurate ways of coherence profiling. Yet, full decoupling from decohering bath remains unrealized and further studies on the dynamic decoupling [19, 20, 21] , especially in the regime of spin locking [22] , can be anticipated.
Microtraps of ultracold atoms on atom chips [23, 24, 25] have been applied as compact sensors to asymmetric potentials [26] , near-surface imaging [27] and compact atomic clocks [28] . However, on-chip interferometers are very attractive for compact, transportable and sensitive metrology. Our contribution is concentrated on the realization of an ultracold atom interferometer on an atom chip ( Fig. 1) , in which we pay special attention to phase diffusion. In our study two atom interferometry regimes are used. The atom clock regime [29] implies the classic Ramsey two pulses and the longest possible interrogation time [30] to generate the error signal for correcting the time counting. The atomic sensor regime compensates for undesired inhomogeneous dephasing during atomic phase evolution by employing the spin-echo rephasing scheme to purify the dependence of its interference on the measured pertubation. In both regimes decoherence is the key problem to preserve the quantum state [31, 28] , and it can be significantly alleviated with sophisticated techniques [32, 21] .
Decoherence that eventually limits the precision of quantum sensors, can be detected through interferometric contrast decay [1, 2, 4] or through the growth of phase uncertainty [33] . To improve the understanding of the deleterious phase diffusion, we present an ‡ Cold-atom research in microgravity [7] , e.g., the NASA's Cold Atom Laboratory developed by the Jet Propulsion Laboratory. Apparatus with the vacuum chamber (a) encompassing the atom chip (b,c), coils, and the laser beams. The atomic cloud is hovering underneath the atom chip (a). Energy levels of the 87 Rb clock states (d), and the "magic" field marked with the red dot (e). ∆ int is the detuning from |2, 0⟩, ∆E is the energy difference between |1⟩ and |2⟩.
alternative way of characterizing coherence properties via the dynamics of the phase diffusion, rather than the visibility decay. Our interferometry signal is extracted from an ensemble average. Inhomogeneous dephasings in trapped atoms, originating from collisionally induced frequency shifts [11, 34] , are density dependent and are different for the two velocity classes in an ensemble [1] . Effects of inhomogeneous dephasing can be substantially reduced by using the Hahn's spin echo technique or by rephasing the result of the binary spin collisions through the identical spin rotation effect (ISRE) [35, 1] . Irreversible homogeneous dephasing [31] originates from either frequency instability of the local oscillator, or from magnetic field noise.
Experimental sequence
We realize the trapped atom interferometer in two hyperfine states |1⟩ ≡ |F = 1, m F = −1⟩ and |2⟩ ≡ |2, +1⟩ of 87 Rb atoms in a magnetic microtrap on an atom chip [26, 36, 33] (Fig. 1) . We use laser cooling and evaporative cooling of 50, 000 atoms in state |1⟩ down to the temperature of (250 ± 10) nK at the mean atomic densityn = n 0 / √ 8 = 0.31 × 10 12 cm −3 , where n 0 is the peak atomic density. Our sequence of laser cooling, magnetic trapping, and evaporative cooling is described in Refs. [36, 33, 37] .
At the "magic" value of 3.229 G the 1 st -order differential Zeeman shift is nullified, and the coherent superposition of states |1⟩ and |2⟩ is largely insensitive to the magnetic field noise and can maintain coherence for up to 60 s owing to the identical spin rotation effect (ISRE) [35, 1] . We employ the two-photon transition with the 6.831 GHz MW field and 3.25 MHz radio frequency (RF) field to prepare the coherent superposition of states |1⟩ and |2⟩. The Zeeman splitting of states |2⟩ and |2, 0⟩ is 2.258 MHz. We prevent populating the intermediate |2, 0⟩ state by using detuning 1 MHz from the intermediate state.
Microwave radiation is generated by an Agilent E8257D generator, synchronized either with an internal OCXO or with a Stanford Research Systems (SRS) FS725 rubidium frequency standard. The rubidium atoms are trapped in both states in a cigar-shaped magnetic trap with frequencies {97.6, 97.6, 11.96} Hz. RF field is produced by the SRS DS345 generator and it is synchronized with the MW synthesizer to avoid frequency drift between the pulses. The Rabi frequencies of MW and RF couplings are determined to be 7.2 kHz and 67.8 kHz, respectively, from the Rabi oscillations, and the twophoton resonant Rabi oscillations at 39.8 Hz yield the π/2-pulse duration of 1 ms.
We simultaneously detect the state populations N 1 and N 2 by adiabatic passage |1⟩ → |2, −2⟩, the application of Stern-Gerlach separation, and absorption imaging with saturation correction [38] . In the reported experiments the observable is the normalized population difference P z = (N 1 − N 2 )/(N 1 + N 2 ) that carries the spin-ensemble phase accumulated during evolution. Absorption imaging destroys the cloud, hence the entire cooling sequence cycles with T cycle = 83 s to collect other P z data points from Ramsey or spin echo.
In the Ramsey sequence the first MW/RF π/2-pulse prepares a 50:50 coherent superposition of the two states, and synchronizes an atomic field with the electromagnetic interrogating field. Immediately after the pulse, the ensemble phase starts evolving as ϕ = ∆T + φ col , where ∆ = ω 21 − ω M W − ω RF , and φ col is the density dependent collisional shift causing inhomogeneous dephasing [31] . The second π/2-pulse with a variable MW phase ϕ 0 projects the accumulated phase onto the Z-axis of the Bloch sphere to give P z . Interferometric fringes are obtained in P z by either varying T (Fig. 2) , or the phase of the second π/2 pulse by changing the MW phase ϕ 0 . In Ramsey interferometry we mix two oscillators: an atomic superposition of states |1⟩ and |2⟩, and the twophoton electromagnetic field. Our atomic oscillator has better phase stability than the MW/RF oscillator. We shift our attention from the time-domain Ramsey to spin echo in the phase domain, and show that the spin echo removes inhomogeneous dephasing leaving the depasing due to the local oscillator frequency instability. We use two methods to analyze the phasedomain data.
Method 1: σ-extraction from phase fringe
It is used when data contains a full MW-phase scan producing a complete interferometric fringe at the fixed evolution time T . We assume a Gaussian distribution of the frequency uncertainty [31, 34] with the mean value ∆ and standard deviation v σ . We fit the phase data with P z = V e 
Method 2: σ from zero-crossing signal
Here we collect data with fixed T and the MW phase ϕ 0 at which the P z mean is zero (Fig. 3) . MW phase fluctuations lead to the observed P z fluctuations and we evaluate phase values as ϕ (P z ) = arccos(P z /V ) − ϕ 0 . We again assume a Gaussian distribution of phase fluctuations and from the set of phase data evaluate the phase standard deviation σ and the MW frequency standard deviation v σ = σ/T . Contrast V is found from a full phase scan of a fringe. The dephasing time of the MW oscillator is defined as τ d = √ 2/v σ . To enhance the data accuracy, the dependence of P z on the total number of atoms N should be taken into account before obtaining v σ from the fit (Fig. 3) . Phase shift is a linear function of a mean density and thus of an atom number N of trapped thermal atoms. In Method 2 the P z (N ) dependence is assumed linear for small variations of P z [33, 28] . By subtracting the fitted function from the measured points of P z (T ) or P z (ϕ) we remove the irrelevant contribution from them. We call this number correction (N -corr) and it is not applicable in Method 1. Figure 2 shows drastic competition between ISRE and the phase diffusion from the two oscillators (which are the atomic state superposition and the two-photon interrogating field) in Ramsey interference. ISRE [35, 1] is driven by binary elastic collisions in the trapped ensemble and is characterized byn. First, Fig. 2(a) [33] , and m is the atomic mass. The slow decay of interference contrast likely occurs due to magnetic field noise perturbing the transition through the second order Zeeman effect.
Ramsey interference decay
Second, on the short time scale (Fig. 2(b) ) we observe the deviation of the data points from the oscillations reconstructed from the frequency drift and the instability of our MW generator Agilent E8257D. In this measurement it is clocked by a Rb frequency standard (SRS FS725). The RF generator at 3.25 MHz is synchronized with the same reference and does not contribute to the observed phase instability. According to the FS725 specification the fractional frequency instability is ∆f /f = 10 −11 at sampling times from 1 to 10 s. This nominal frequency instability amounts to v σ,th = 2π × 68 mHz and the dephasing time of τ d,th = 3.3 s. From the stochastic distribution of data points at three intervals of the evolution time {0−0.17, 0.5−0.65, 0.8−0.95} s of Fig. 2(b) we evaluate the frequency uncertainty v σ = 2π × 80 mHz and measure the dephasing time τ d = 2.8 s. which is close to the theoretical value of 3.3 s.
We also carried out measurements of phase diffusion at four evolution times using the zerocrossing method (Fig. 3) .
In this sequence our microwave oscillator was clocked by the internal ovencontrolled crystal oscillator (OCXO) which has the fractional frequency instability of ∆f /f = 5 × 10 −12 at sampling times 1 − 10 s according to the Agilent specification. Experimental points in Fig. 3(a,c) were corrected for shot-to-shot atom number variations. Different measurements of P z at the same evolution time and the same MW phase reveal data point scattering around the linear trend line in the atom number space (Fig. 3(b,d) ). Without N -corr the phase uncertainties are σ = {89.3, 375} mrad and the frequency uncertainty standard deviation was v σ = 2π × 120 mHz. By fitting P z (N ) linearly we obtain a slope of 2.38 × 10 −5 for Fig. 3(b) and 5.47 × 10 −5 for Fig. 3(d) . The fitted linear trend is subtracted from P z (N ) before extracting σ values. Two measurements of the phase spread at T = {100, 500} ms result in σ = {47.6, 239} mrad, respectively. Overall, we made four measurements of phase uncertainty at T = {0.1, 0.2, 0.4, 0.5} s (Fig. 5) to extract the frequency spread of v σ = 2π × 80 mHz, with N -corr.
Phase diffusion in spin echo
In the spin echo sequence the π-pulse is applied at time T /2 ( Fig. 4(a) ) to reverse inhomogeneous dephasing [31, 37] . By the time of the second π/2 pulse collisional shift and other inhomogeneities are almost rephased, and P z would show a maximal contrast, unless other dephasing effects are present such as the frequency instability of the local oscillator or residual magnetic noise of ω 21 . The ISRE effect competes with the spin echo rephasing at higher densities. It can deteriorate its performance and even reverse its effect [4] .
Our MW generator is clocked by an internal OCXO and we employ Method 1 to measure phase diffusion and the contrast decay for evolution times up to T = 8 s (Fig. 4(b) ), an order of magnitude longer, than for the Ramsey sequence. At the shortest T = 0.1 s we record the minimal phase diffusion of 19 mHz, and the interference contrast of 0.99. At the longest T = 8 s the phase standard deviation increases up to 0.75 rad and the contrast reduces to 0.55.
In Fig. 5 the growth of phase uncertainty σ(T ) with the evolution time in two interferometric sequences is presented. The application of spin echo greatly reduces inhomogeneous broadening by a factor of 4 down to 19 mHz providing the dephasing time of 11.9 s, very close to the independently measured 12-s Ramsey contrast decay (Fig 2(a) ).
Discussion
The time-domain Ramsey interference (Fig. 2) provides us two values of decoherence time: the contrast decay time τ = 12 s and the dephasing time τ d = 2.83 s evaluated from the recorded frequency uncertainty as 80 mHz. The zero-crossing measurements with the more stable OCXO (Fig. 5) give us the same value of 80 mHz. In the spin echo sequence we measure
▼ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ the dephasing rate of 19 mHz, and the dephasing time 11.9 s. Several noise sources affect phase stability in trapped-atom interferometers. These include detection noise, magnetic field noise, temperature fluctuations, atom number variations, collisional broadening, and local oscillator instability [31, 34, 28] . States |2⟩ and |1⟩ have different two-body collisional decays that may lead to a lower visibility [39, 40] . Projection noise (∆f /f ) N = (2πT f V √ N ) −1 does not limit us, according to our estimates. Ambient magnetic noise is coupled to the two-photon transition via the 2 nd order differential Zeeman shift. There are magnetic field fluctuations of 5 mG in the atomic trap location measured by a fluxgate magnetometer . We use Eq. (18) in [28] to estimate the frequency uncertainty of only 8 mHz at the "magic" field due to the magnetic noise of 5 mG.
Shot-to-shot temperature variations lead to atom number variations, an associated collisional shift and broadening of the transition frequency and the variable range of magnetic fields confining the atomic cloud. The collisional broadening at ourn is compensated to the great extent by the ISRE rephasing in the both Ramsey and spin echo sequences. For our conditions spin echo assists in cancelling phase inhomogeneities and does not destructively compete with the ISRE effect [4] .
However, shot-to-shot atom number variations lead to the shot-to-shot fluctuations of the transition frequency and to the frequency noise in our P z data. In our measurements of phase diffusion in Ramsey and spin echo sequences we make N -correction to the recorded phase. In the data of Fig. 3 the atom number uncertainty is 4%(± 2,000 atoms). In the zerocrossing Ramsey interferometry the N -corr slope is 5.47×10
−5 leading to the associated phase uncertainty of 0.11 rad and the frequency noise of 35 mHz. In order to estimate independently the contribution of temperature fluctuations to phase diffusion in our setup we use the fractional frequency Allan deviation value at the magic field in Fig. 11 in [28] , scale it up with our temperature uncertainty (10 nK) to obtain the same frequency uncertainty of 34 mHz.
An independent source of dephasing in our experiment is the instability of MW frequency locked to an OCXO with the specified fractional instability ∆f /f = 5 × 10 −12 and the corresponding frequency uncertainty of 34 mHz. This specified uncertainty is larger than our recorded frequency instability of 19 mHz in the spin echo measurement so we assumed that our actual instability of the local oscillator is smaller by a factor of two (17 mHz). Assuming independent influence of magnetic noise (8 mHz), atom number uncertainty due to temperature fluctuations (35 mHz) and the local oscillator noise (17 mHz)and adding all these contributions, we estimate the standard deviation of frequency instability of our trapped atom interferometer as 40 mHz which is below our measured value of 80 mHz in the Ramsey sequence. Spin echo reverses the collisional shift due to the atom number variations to remove the temperature fluctuations contribution. The two remaining factors (magnetic noise and local oscillator instability) provide us with an estimate of a frequency uncertainty of 19 mHz.
Conclusions
Coherent superposition of magnetically trapped 87 Rb atoms in |1⟩ and |2⟩ states at the "magic" magnetic field can be a stable reference to lock MW field and serve as a compact portable atomic clock on a chip [28] . Previous studies on how long coherence in a such atomic oscillator can survive [1, 2, 28, 4] were focused on recording the decay of interference contrast. Paper [2] reports the contrast decay time of 21 s but states that fringes wash out after some seconds due to frequency noise. Our study here has focused on monitoring how phase uncertainty grows with time in Ramsey and spin echo sequences to measure a dephasing time of 11.9 s which was limited by frequency instability of our commercial MW generator and can be significantly extended by using more stable sources. We demonstrated that spin echo can substantially suppress inhomogeneous dephasing and provide dephasing rates by a factor of four smaller than in the conventional Ramsey interferometry.
The reported trapped atom interferometer has broad applicability in quantum information and metrology [41] , atom clocks, atomtronics, studies of fundamental interactions, or the characterization of Rydberg atoms and their plasmas via the motional Stark effect [42, 43] .
It is indispensable in accurate tuning of a micromechanical device, e.g., microcantilever, or a resonant cavity interacting with an ultracold cloud or Bose-Einstein condensate. A compact trapped-atom clock with the contrast decay time of 58 s [1] already demonstrated a fractional instability of 5.8 × 10 −13 with a 1-s integration and can show a stability of 10 −15 a day [28] . The ability to maintain coherence for tens of seconds can be used to store qubit information in a trapped-atom ensemble and serve as quantum memory.
